The global movement of people and goods has increased the risk of biosecurity threats and their potential to incur large economic, social, and environmental costs. Conventional manual biosecurity surveillance methods are limited by their scalability in space and time. This article focuses on autonomous surveillance systems, comprising sensor networks, robots, and intelligent algorithms, and their applicability to biosecurity threats. We discuss the spatial and temporal attributes of autonomous surveillance technologies and map them to three broad categories of biosecurity threat: (i) vector--borne diseases; (ii) plant pests; and (iii) aquatic pests. Our discussion reveals a broad range of opportunities to serve biosecurity needs through autonomous surveillance.
Sensors

Fixed sensors
Over the past decade, wireless sensor networks (WSNs), which comprise numerous different sensors such as microclimate and multimedia sensors connected wirelessly over radio, have been deployed successfully in the field to detect biosecurity threats such as foot--and--mouth prediction of the disease risks that the animals carry and the management of pest animal species, which we discuss in more detail below.
Robots
Robots are used to acquire data at high spatiotemporal resolution as well as to provide quantitative and qualitative analysis of the data. They comprise an onboard computer, internal sensing of their state, external sensing of the environment, and some form of mobility in terrestrial (Box 1), aerial (Box 2), or aquatic (Box 3) terrains. They are capable of traversing and sampling the environment at predetermined times and locations, on an event trigger from the static sensor network, by user request, or autonomously. Robots have higher processing capability and carry a higher--quality sensor payload than fixed nodes, such as high--resolution color, thermal, or hyperspectral cameras [32] , biomass, soil, and atmospheric sensors, and 3D ranging systems useful for modeling or mapping areas of interest [33] . Given that they are mobile, they can interrogate different areas of the environment in greater detail and conduct onboard processing and reasoning, thereby reducing communication throughput and providing analytical results and state information independently or through the same network as the static nodes. They can also interact with the environment by picking and analyzing samples
[34], reducing the requirement for human presence. A team of robots has the potential to be operated by a single human.
Biosecurity applications of autonomous surveillance
Autonomous surveillance has clearly emerged as a significant tool to address biosecurity needs, although its full potential for managing threats remains to be realized. In particular, there remains an open challenge in the biosecurity of detecting and localizing threats and targeting interventions to the specific time/location of the threat. For instance, targeted interventions for vector--borne diseases involve localizing regions of high risk and focusing available resources on managing the risk in these regions. Similarly, weed eradication needs targeted spraying of only weed--infested patches within an agricultural field to avoid the development of pesticide resistance, which has become a major issue particularly in the USA, Europe, and Australia.
To localize threats and target interventions requires systems that operate at both high spatial and high temporal resolution, for a sufficiently long duration, and over a large enough area. No single autonomous surveillance technology (Table 1 ) meets all of those needs, but, collectively, these technologies can achieve the spatial and temporal performance necessary for targeted interventions. The agent--based modeling framework is a powerful tool that allows us to study biosecurity--related risks in a specific spatial, temporal, environmental, and social context by diffusing the risk across the landscape based on the simulated behavior of individual disease vectors and their interaction with the environment [18] . Based on risk estimates, ground or aerial robotic platforms can be dispatched into high--risk regions to investigate further or take action to limit or control the spread of the disease.
For plant pests, cooperation among multiple layers of autonomous surveillance technologies is equally important. Weeds, disease spores, and insects that damage plants can be addressed through pesticides; however, blanket administration of pesticides has led to the development of high pesticide resistance in many countries. It is imperative, therefore, to localize the pests in space and time for targeted pesticide spraying. Fixed sensors are best suited to monitor areas of interest at regular intervals to detect the likelihood of plant pests and once these are detected they can localize the threat and notify a ground or aerial robot platform to move into the region for more detailed inspection and actuation to eliminate the threat; for instance, through selective application of pesticide. This closed--loop system combining sensing, analyzing, and acting on the threat will require a complex analysis of the threat that is application specific. As an example, preventing fruit fly incursions would require real--time image classification at automated insect traps to identify the presence of the species of interest, while weed detection requires capture and classification of hyperspectral images to differentiate weeds from healthy plants, to direct autonomous robots to where to intervene.
A similar logic applies to aquatic pest surveillance. Aquatic robots are the primary platform for applications such as port surveillance and marine surveys to protect against importation of invasive species, such as the Asian green mussel into Australia 1 . However, how often should surveys be conducted and where should they focus in detecting threats remain open questions.
The inclusion of fixed aquatic sensors to collect regular samples, to trigger aquatic robots to initiate a survey, and to guide these robots to areas of high threat likelihood can close the loop and combine the long--term operation of fixed sensors with the high spatial and temporal resolution of aquatic robots. For instance, a combination of 50 floating wireless sensors was used to measure the temperature in a lake at six different depths to trigger an autonomous surface vessel (ASV) to investigate possible algal blooms [38] .
While the current state of the art in autonomous surveillance technology is useful for many biosecurity threats, certain threats will spread quickly and will require further advancements.
Swarms of locusts, for instance, may spread at a faster spatiotemporal scale than current technology can cover. Such fast--moving threats will require multiple robotic platforms for simultaneous coverage of the areas in question at high spatial resolution, possibly complemented by fixed sensors for continuous sampling and event notifications at key points.
For instance, the control of two unmanned aerial vehicles (UAVs) was coordinated by speed modulation to synchronize their flights for the aerial detection of the fungus--like organism Phytophthora infestans [39] . While this work serves as an initial proof of concept for the use of multiple robots to detect biosecurity threats, it still deals with a relatively slow--moving threat of fungus spread. Using multiple robots simultaneously to detect biosecurity threats is an area still in its infancy with immense opportunities.
Concluding remarks and future perspectives
With the maturation of autonomous surveillance technologies, we expect that these systems will increasingly be adopted for targeted detection, localization, and management of biosecurity threats. Closed--loop solutions that combine multiple layers of autonomous surveillance technologies for optimal threat management will provide the highest return on investment. Given the diversity of biosecurity threats, we expect that the development of smart algorithms to drive this sense-think-act loop will be a highly active research area in the next decade.
robots [for example, flat terrain along roads and tracks with good Global Positioning System (GPS) access] to being accessible only by legged robots (for example, forests and other difficult terrains with little or no GPS access).
Ground robots have the capacity to carry relatively large payloads compared with aerial and underwater robots. This enables the robots to carry more sophisticated sensor payloads and significant computing power on board and this in turn enables the robots to autonomously and adaptively monitor their environment at the ground level and report anomalies. This surveillance can significantly improve risk assessments by providing extensive and continuous sensor data.
The area of field robotics offers promising capabilities for the use of robots in biosecurity applications in the natural environment and, conversely, biosecurity applications could help to push progress in field robotics. 
Box 2. Aerial robots
UAVs can fill the observation gap between remote sensing satellite systems and in situ observation platforms. They can also provide surveys of inaccessible or rough terrain. UAVs can target biosecurity applications that can be observed only from above (e.g., detection of invasive weeds in a rainforest [13] ) or that require sampling of the aerial environment (e.g., airborne disease spores [39] ).
The primary types of UAV are fixed wing, rotary wing, and lighter than air (LTA). LTA autonomous airships have potentially the longest mission times and can hover for extended periods of time over an area of interest; however, they move at slower speeds than airplanes or helicopters [46] . Fixed--wing UAVs tend to be the fastest alternative and have potentially the longest mission range but can neither hover nor operate very close to the surface. Helicopters, due to their high controllability, can be used for precise nap--of--the--earth flying as well as hovering but have shorter mission times and ranges [47] . UAV platforms for civilian use cost typically one to two orders of magnitude less than manned aircraft in their category and are also much cheaper to operate. As a result, UAVs are being deployed in increasing numbers around the world for a growing number of applications.
UAVs operate over a spatial scale of the order of 1-10 3 km in range, with spatial observations at a ground resolution of centimeters to tens of meters depending on the flight altitude and the sensor payload. All three types of UAV can perform surveys of areas of interest at regular time intervals (typically minutes to hours) and airships and rotary--wing craft can hover over a given area for longer periods of time to allow persistent temporal monitoring of a process of interest. However, these require permanent connection to a surface vessel or a larger AUV by a tether, constraining their maximum operation range, as in the case of the RovingBat ( Figure ID) .
order of 1-20 km 2 in range with a resolution of few centimeters and do not require tethering to another vessel, allowing them to freely maneuver during a mission. They can explore the seafloor with no gaps in deep [53] [54] [55] [56] or shallow water [57, 58] , to inspect submerged structures [59, 60] or ship hulls [60, 61] , take samples in HABs [62] , or perform fish monitoring [63] or pest population control [64, 65] . AUV mission duration is usually constrained by their endurance. Glider--type AUVs overcome this problem by using passive propulsion systems, significantly increasing mission ranges and lifetimes [66] [67] [68] [69] [70] .
ASVs cover areas of several square kilometers with high--resolution scanning. However, they require complex navigation systems that follow maritime rules and regulations while taking into account the traffic around them. Moreover, their sensors are inherently constrained to operate close to the surface, limiting the depth and resolution of seabed inspections. 
